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b s t r a c t
The degree of white matter (WM) myelination is rather inhomogeneous across the brain. White matter appears differently across the cortical lobes in MR images acquired during early postnatal development. Specifically at 1-year of age, the gray/white matter contrast of MR T1 and T2 weighted images in prefrontal and temporal lobes is reduced as compared to the rest of the brain, and thus, tissue segmentation results commonly show lower accuracy in these lobes. In this novel work, we propose the use of spatial intensity growth maps (IGM) for T1 and T2 weighted images to compensate for local appearance inhomogeneity. The IGM captures expected intensity changes from 1 to 2 years of age, as appearance homogeneity is greatly improved by the age of 24 months. The IGM was computed as the coefficient of a voxel-wise linear regression model between corresponding intensities at 1 and 2 years. The proposed IGM method revealed low regression values of 1-10% in GM and CSF regions, as well as in WM regions at maturation stage of myelination at 1 year. However, in the prefrontal and temporal lobes we observed regression values of 20-25%, indicating that the IGM appropriately captures the expected large intensity change in these lobes mainly due to myelination. The IGM is applied to cross-sectional MRI datasets of 1-year-old subjects via registration, correction and tissue segmentation of the IGM-corrected dataset. We validated our approach in a small leave-one-out study of images with known, manual 'ground truth' segmentations.
Introduction

34
Image segmentation methods are widely used in neurodevelop-35 mental analyses to study anatomical differences and functionalities 36 across all ages (Gilmore et al., 2007 (Gilmore et al., , 2010 Hazlett et al., 2011; 37 0165-0270/$ -see front matter. previously proposed, often with limited success, unless paired lon-
66
gitudinal datasets existed (Merisaari et al., 2009; Shi et al., 2010a,b) .
67
For the reminder of this paper, WM regions that are comparatively 68 under-myelinated will be called immature WM. and an atlas-based approach. Claude et al. (2004) 
Preprocessing
146
The fourteen-paired T1-and T2-weighted images were first sep-
147
arately corrected for geometric distortions (Fonov et al., 2010) as Q2 148 well as intensity non-uniformity (Sled et al., 1998 was then performed on these registered images (Nyul et al., 2000) .
156
Next, the skull was extracted using FSL's BET (Brain Extraction
157
Tool) on all T1w images (Smith, 2002) , The computed T1 brain 158 mask was applied to the T2 image. Corresponding 1 and 2-year-old 159 skull-stripped T1w images were next aligned with nine parame-160 ters similarity registration. The 1-year-old T1 data was then aligned 161 with an affine followed by a thin-plate spline based deformable reg-162 istration into a prior 1-year-old template data set (Collins et al., 163 1994; Fonov et al., 2011) . Finally, the concatenated registration 164 transformation matrix was applied to each of the T2-weighted 1-165 year-old image and the T1-and T2-weighted 2-year-old images.
166
The prior atlas space employed here is an unbiased, age-appropriate
167
(1-year) atlas template computed via joint deformable registra-168 tion that simultaneously minimizes the differences of intensity 169 and transformation from 104 training images from the 1-year-old 170 dataset within the IBIS study (Fonov et al., 2011 (mature + immature WM), GM, CSF and background). 
where class is represented by k (k = 1,2,3,4) at EM iteration (i). This 227 step is iterated until convergence to a local maximum of the likeli-
In addition to the posterior WM, GM and CSF probability maps,
233
our EM segmentation approach also provides a partial volume esti-234 mation (PVE) map for each tissue type (Tohka et al., 2004 given an expected CSF contribution of 1-2 mm in most cortical Thus, the final hard segmentation map K(v) was then computed 263 as follows: images.
296
As the first step though to improve the propagated 4-year-297 old probability priors, we employed the proposed IGM-EMS we generated optimized prior tissue probability maps by apply- we generated separate optimized prior tissue probability maps 3.2. Prior probability for the one year old atlas
365
The optimized prior GM, WM and CSF probabilities converged 366 within four iterations of the prior probability optimization pro-367 cedure. The coronal view displays the optimized prior probability 368 maps in Fig. 9 . and inferior temporal areas due to the observed immature myelina-379 tion. In contrast, our IGM-EM method appropriately segments WM 380 in these areas. This is also visible in Fig. 11 scores than the other regions.
392
The average Dice and Tanimoto error ratio of our proposed (see Table 1 ).
418
It is important to note that for all approaches evaluated here, superior-frontal and lateral-frontal areas using lobar volume and 434 cortical thickness (Ozonoff et al., 2010; Yirmiya and Charman, 2010; 435 Zwaigenbaum et al., 2005 and sensory cortex (Takahashi et al., 1999; Tokumaru et al., 1999) .
470
In another study, slower development trajectory was observed in 471 the thalamus compared to the basal ganglia (Tzarouchi et al., 2009 
